ABSTRACT
IntroduCtIon
The use of pedicle screw instrumentation in the spine has evolved over the last two decades 18 . Although the use of pedicle screws have been initiated in the lumbar spine 3 , as surgeons have become more comfortable with the complex anatomy required for accurate screw placement, the use of pedicle instrumentation has evolved to include their use in the thoracolumbar to a varied range of spinal pathologies, such as traumatic, degenerative, oncologic, as well as deformity correction. 2, 8, 12, 13, 14 .
During the last years, several anatomic studies have been performed in order to detail the complex morphometry and threedimensional anatomy of thoracolumbar pedicles. 4, 6, 7 Besides, the already known improvement in accuracy of pedicle screw placement through "Free-hand" technique with training 1 has created the necessity of proper anatomic models for surgical practice, as well as objective forms of assessment of the accuracy of the final obtained results. The creation of such simulative scenarios for surgical practicing are crucially important, and the implementation of this training on neurosurgical residency requires multidisciplinary partnerships among educators, anatomy and radiology departments, as well as technical support from spine surgery companies.
Matherial and MetHods
After an interdisciplinary partnership between "Instituto de Neurologia de Curitiba" (INC Neurosurgical Residency Program), the Anatomy Department of "Universidade Federal do Parana" Medical School and the Radiology Department of "Centro de Diagnóstico por Imagens" -CETAC, a pilot study was conducted in order to test the feasibility of a Training Model of "Free-hand" Thoracolumbar Pedicle Screw Placement Before the laboratory training an introductory teaching session about the technical matherial (Click X), as well as the proper technique for its correct use was provided by Synthes -Spine surgery. After that, the placement of pedicle screws was practiced in an artificial bone model of the thoracolumbar spine (Fig.  1) . Following that, two 70-year-old formalin-fixed cadaveric specimens, provided by the Anatomy Department, were prepared for the beginning of the surgical training. After a dorsal midline incision and dissection, the anatomic structures of the thoracolumbar spine were identified. (Fig. 2 ) At this time, the neurosurgical resident, inexperienced in pedicle screw placement, performed instrumentation of the thoracolumbar spines (from T5 to sacrum) bilaterally according to surface landmarks reported in the literature. Internal pedicle palpations by ball tip and gearshift probe, as well as tapping were utilized in order to verify the presence of possible pedicle violations. Based on the perception of the pedicle's integrity and size, the subjective safety of screw placement was evaluated and recorded in the respective specimen's chart for each correspondent level. Instrumentation began at the S1 vertebral body, and sequentially advanced to more cephalad levels. Once the pedicle screw placement was finished, the resident performed the connection of the whole system (rods, 3D heads and locking caps) (Fig. 3) Figure1. The placement of pedicle screws as well as the technique for perforation, screw progression and rods connections were performed in an artificial bone model of the spine before laboratory training and after an introductory teaching session. The accuracy of the gearshift probe and tap, screw placement, as well as perceived pedicle wall violations, were further critically analyzed. For this purpose, the anatomic specimens were submitted to fine-slice computed tomography in order to evaluate the positioning of the screws inside the pedicles as well as its relation to adjacent anatomic structures, such as vertebral bodies, nerve root and vascular structures. Pedicle violations were classified in medial, lateral, inferior, superior or anterior. In the case of pedicle violation, the presence or absence of contact with critical structures (such as emerging nerve roots, aorta, and esophagus) were also documented. Screws that violated the pedicular cortex were then graded with respect to degree of cortical perforation and angle of trajectory, by means of a grading system recently proposed in the literature. (Fig. 4 ) Finally, the anatomic specimens were submitted to thoracolumbar decompression of spinal canal, with exposition of adjacent emergent nerve roots, in order to verify the same aforementioned factors not only at the radiologic, but also at the anatomic level. (Fig. 5) The presence or absence of dural/root sleeve lesion was also recorded in those cases of pedicle violation. During each step of the procedures an extensive photographic documentation was performed. The results of both anatomic dissection and imaging scans were compared with personal charts and the current medical literature. Conclusions regarding the learning curve and factors which were perceived to influence accuracy improvement, as well as practical recommendations, were delineated. Overall, 28 intact vertebral bodies were instrumented (T5-S1) in two specimens. A total amount of 62 pedicle screws were placed. This sum results from the fact that the levels L3-L5 in one specimen received two screws in each pedicle. In this specimen, at the time of first screw placement, both palpation and tapping failed to demonstrate pedicle integrity in several directions, not being, according to the resident, to ascertain that the screws were within the pedicle. The presence of diffuse arthrosis with fusion of "pars articularis" from several levels, forming a unique bone plaque (Fig.6a) , also made the identification of surface landmarks more difficult. For documentation of the initial screws real positions (Fig. 6b) , the resident was oriented to leave them in their first places and a new trial was attempted with performance of new perforations sites, followed by palpation with ball tip probe and tapping. After ascertaining the integrity of the pedicles, the placement of the definitive pedicle screws was performed. A) It is visible that the confluence of "pars articularis" from several levels forms a unique bone plaque (highlighted in blue) which made the identification of surface bony landmarks difficult at the first attempt in this specimen. Because of that, it was made another trial on these levels; B) 3D reconstruction demonstrating double screws in L3, L4 and L5
There were 47 of the 62 screws placed correctly. (Fig. 11) (an overall error rate of 29%). Excluding Grade I pedicle screws (not considered in the literature to be true violations), the overall error rate decreased to 22,5%. From the 14 true violations, 14% were grade II, 14% were anterior non-critical and 71% were grade III violations.
A detailed description of the pedicle violations in each specimen (CT-three dimensional reconstruction for each specimen) is shown in fig. 7 . Overall, there were only four critical perforations having important contact with vital structures (1 anterior perforation at the S1 level touching the posterior wall of the bowel, 2 medial perforations at T6 and T7 levels touching the dural sac and 1 anterior perforation at T5 in which the screw touched the posterior wall of aorta. (Fig. 9 ) Interestingly three from the 4 mentioned perforations (75%) occurred during pedicle screw placement in the first specimen. Number of Violations Versus Spinal Level A detailed overview about the number of violations versus spinal levels is presented (Fig. 9 ).
1) Middle Thoracic Spine (T5-T8)
From the 18 violations, 6 (33%) occurred in the middle thoracic spine. They were commonly complex violations (involving more than 1 direction of the pedicle), a fact already well documented both in anatomic and surgical literature and which is attributed to the small diameter of the pedicles at these levels. These violations more commonly involved rupture in the inferior direction (4 cases -60%), lateral direction (2 cases -20%) and medial direction (2 cases -20%). Anterior violation occurred in only one case (16%).
In relation to the degree of violation, 50% of them (3 cases) were grade III, 16% (1 case) were grade II, 16% (1 case) were grade I and 16% (1 case) were non-critical anterior violations.
2) Lower Thoracic Spine (T9-T12)
From the 18 violations, 4 (22%) occurred in the lower thoracic spine. Complex violations were less common at this level (accounting for only 25% of all the violations at this level) when compared with the middle thoracic spine (in which 60% of the violations involved more than one direction). These violations involved inferior direction in 3 cases (75%) and lateral and anterior direction in 1 case each (25%). One example of violation involving inferior direction is shown by Figure 12 . In relation to the degree of violation, 50% of them (2 cases) were grade III, 25% (1 case) were grade I, and 25% (1 case) were noncritical anterior violations.
3) Upper Lumbar Spine (L1-L3)
The upper lumbar spine was the spine segment least involved in pedicle violations. From the 18 pedicle violations, only 3 (16%) occurred in this region. They were all simple violations (involving only one direction -1 in the lateral direction (33%) and two in the inferior direction (66%).
In relation to the degree of violation, 66% of them (2 cases) were grade III and 34% (1 case) were grade I. There was no Grade II or anterior violations at this level.
4) Lower Lumbar Spine (L4-S1)
The lower lumbar spine was one of the spinal level most involved in pedicle violations (5 cases -29% of all violations), along with the middle thoracic spine (6 cases -35% of all violations). Violations in the lower lumbar spine, similarly to the upper lumbar spine were all simple (involving only one direction). This fact is attributed to the large size of pedicle diameter of the lumbar spine. These violations occurred most commonly in the inferior direction (3 cases -71% of the cases), followed by the anterior and lateral (each one with 1 case or 14%). In relation to the degree of violation, 60% of them (3 cases) were grade III, 20% (1 case) were grade I, and 20% (1 case) were non-critical anterior violations. 
PEdICLE VIOLATIONS
Pedicle screw placement in the thoracic spine presents a unique challenge. Unlike the lumbar pedicle, there is little room for error in the small and three-dimensionally complex thoracic pedicles. Medial errors are less forgiving in the thoracic spine because there is less mobility of the spinal cord at this level in comparison to the nerve roots in the cauda equina. Lateral perforations of the pedicular cortex are potential threats to the pleural cavity, great vessels and esophagus, mainly in upper and middle thoracic levels. In our series, there was only one critical anterior violation in the thoracic spine, in which the pedicle screw contacted the posterior wall of the aorta. (Fig. 8b) The panorama radically changes when moving caudally from the thoracic to the thoracolumbar junction and lumbosacral spine. In a series which evaluated the rates of medial violation of the screws in the thoracolumbar transition, only patients with violations of more than 6mm presented neurological deficits, suggesting that, between T10 and L4 exist a "safety zone" which tolerates medial violations up to 4mm. This is attributed to the larger diameter of the pedicle at this region as well as larger diameter of the spinal canal 9 . In our study, there were no medial violations in this region. As already mentioned, the incidence of pedicle violation reported in the literature seems to correlate inversely with the size of the pedicle 5 . In morphometric studies, the transverse diameter of the pedicle diminishes from T1 in caudal direction, presenting the lower value at in the middle thoracic region (T6 and T7). This was exactly the region with the highest number of pedicle violations in our study. From T8 to L5 the pedicle diameter grows progressively and the rates of pedicle violation diminishes accordingly. 6, 7 Anterior violations in the lumbar spine are much less dangerous since abdominal viscerae are usually not fixed to the anterior longitudinal ligament, except in lumbosacral transition. In our series there was only one critical anterior violation in the lumbosacral region -in such case the pedicle screw touched the posterior wall of the rectum, without perforating it. (Fig. 8c) .
SuRGICAL TRAINING
It is known that good laboratory simulations should not only allow the resident to practice specific tasks, but also involve a degree of decision-making. In fact, a competency-based program, which engages the learner in an environment resembling the eventual clinical situation, is becoming a recognized standard of education in several surgical specialties. 10, 15 The ability to accurately detect, through pedicle probing, the presence of a pedicle violation and its exact direction is known to be a learned skill, which improves with repetition and experience. 15, 1 Worthy of remark is the fact that, in our series 61% (11 of 18) of the overall violations occurred in the first specimen and that the number of true violations (grade II and III) decreased significantly (50% from the first to the second specimen) suggesting a learning curve with fast improvement in accuracy rates even when comparing only two specimens.
When considering the accuracy rates for each specimen separately, the number of violations decreased from the first (11/34 -32% of misplaced screws) to the second instrumented specimens (7/28 -25% of misplaced screws). A more surprising learning curve was noted when considering the lower thoracic spine separately -37,5% of misplaced screws in the first patient versus 12,5% in the second patient. Moreover, when considering the lumbosacral spine alone, not only the number of violations decreased from the first specimen (overall error rate of 50% -5/10) to the second specimen (overall error rate of 33%) but also the rates of critical violations (grade II and III) decreased considerably (50% of the violations in the first specimen were critical in comparison to only 16% in the second). In fact, the only critical violation in the lumbar spine in the second patient occurred in the lateral direction, which, in a real scenario, would not lead to any further consequence in terms of morbidity. 
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LEARNING POINTS:
Some useful points learned during the critical self-evaluation process involved in the surgical training, and which may help novice training surgeons to maximize their improvement along the learning curve, are highlighted in the sequence: 1) Using repetitive pedicle tactile feedback and pedicle probing seemed to be quicker and more accurate than perforating the full-length of the pedicle in one unique step using known angles published in the literature.
2) The contralateral screw was much easier to place because of the already positioned screw from the opposite side, which visually oriented the correct entry-point and direction angle.
3) Although the placement in thoracic spine seems to be more dangerous due to proximity of vital structures, the more constant angles and parameters from adjacent levels seems somehow to facilitate their placement. However, due to the low transverse diameter of the pedicle, there must be a high suspicious of pedicle violation, and any doubt about the integrity of the pedicle shall be seriously considered. In such cases, even a partial facet joint resection for internal palpation of the medial limits of the pedicle is an acceptable maneuver. 4) In our study, S1 pedicle screw placement was, in the two specimens, the most difficult and challenging level due to inclination of pedicle screw. It is notorious the underestimation by novice surgeons of both the caudal angle of the sacrum in relation to L5 and the medial inclination of the pedicle. The most common tendency is to place screws straightforward and upward, incurring in high rates of lateral, anterior and superior cortical rupture. Medial and inferior ruptures at this level are almost inexistent due to the aforementioned factors.
5) The effect of formalin on bone makes the differentiation between the cortical dense bone and medullary soft bone less perceptible. Probably due to this fact, anterior violations of vertebral body were a common error in the study, with rates higher than those reported in the literature dealing with "reallife surgical scenario" as well as "fresh-frozen anatomic models". Therefore, it is recommended that experienced surgeons who intend to train with formalin-fixed models, must have a fine sensibility in order to detect minor anterior ruptures which would be easily detectable in "real-life" scenario.
6) In the cases of significant arthrosis and facet hypertrophy (such as observed in the specimen 1 of our study), we have learned that the most reliable bony structure, mainly for novice surgeons, is the transverse process of the inferior vertebrae. The authors emphasize, therefore, the importance of care in initial dissection, in order to not injury or break this structure. 7) Finally, in those more difficult levels, in which the surgeon does not feel comfortable for pedicle placement, first decompressing the spinal canal (as indicated in most pathological cases in which arthrodesis is indicated), and posterior pedicle screw insertion under direct vision seems to be a rational and recommended alternative.
Conclusions
Novice resident surgeons placing thoracolumbar pedicle screws in cadavers are able to significantly improve their accuracy levels after training, even with a small number of specimens. The success and failures seems to be progressively incorporated in personal practice both in the form of consolidation of theoretical knowledge about surface landmarks and correct entry points for each level of the spine and in self-confidence during screw placement. The ability to early recognize pedicle violations and its exact direction and to perform a second new perforation site also seems to be an ability which is progressively acquired with experience.
We have also shown that incorporating anatomic training of pedicle screw instrumentation in routine neurosurgical residency is a cost-effective and valuable method of education, which enables young neurosurgeons to practice these skills in the laboratory before proceeding to the operating room.
The further performance of spinal canal decompression of the instrumented level and anatomic inspection of each spinal emergent root also seems to be an immeasurably valuable tool in the critical self-evaluation process. Supervision from experienced spinal surgeons, during critical steps of the laboratory training, whenever possible, is also recommended in order to correct initial mistakes in the pedicle screw placement technique.
Finally, multidisciplinary partnerships among those responsible for neurosurgical residency education, anatomy and radiology department, as well as support from companies responsible for spinal surgery are critical steps in order to implement such training programs in routine neurosurgical residency.
We hope that sharing our successful experience, as well as the pitfalls and lessons acquired with this initial experience, may encourage and stimulate other neurosurgical services to implement in their neurosurgical residence programs, this low-cost, widely-available and highly-effective model of spine surgery surgical training of "Free-hand" pedicle screw placement.
